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During cleavage of Pleurodeles waltl amphibian embryos, inner cells of the blastocoel roof (presumptive ectodermal and
mesodermal cells) organize a ®brillar extracellular matrix (ECM) containing ®bronectin on their basal surface by a b1-
integrin-dependent process. This matrix is used as a migratory substrate by mesodermal cells during gastrulation. While
a5b1 integrin is expressed on both ectodermal and mesodermal cell surface, we have shown previously that av containing
integrins are essentially restricted to the surface of mesodermal cells (Alfandari, D., Whittaker, C. A., DeSimone, D. W.,
and DarribeÁre, T., Dev. Biol. 170, 249±261, 1995). To investigate the function of av integrins during gastrulation, we have
generated a function blocking antibody directed against the extracellular domain of the Pleurodeles integrin av subunit.
The antibody did not prevent ®bronectin ®bril formation, whereas an antibody against the a5b1 integrin did. When injected
into the blastocoel, the antibody against integrin av subunit perturbed gastrulation and further development in a stage-
dependent manner. Developmental defects were correlated to an abnormal positioning of the mesoderm layer. In vitro,
the antibody blocked spreading of mesodermal cell to ®bronectin or blastocoel roof ECM but not their attachment. In
contrast, the antibody directed against the a5b1 integrin inhibited both cell attachment and spreading to the same sub-
strates. We propose that the a5b1 integrin is required for ®bronectin assembly into ®brils and mesodermal cell attachment
to the blastocoel roof ECM, while the av containing integrins are necessary for cell spreading, and possibly migration, on
this complex network. q 1998 Academic Press
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INTRODUCTION During murine development, multiple integrins exhibit a
developmentally regulated expression and are implicated in
various adhesion dependent events. The a6b1 integrin is ex-Many developmentally signi®cant cell migrations depend
pressed at the surface of unfertilized oocytes where it is in-on interactions between extracellular matrix molecules and
volved in sperm±egg binding (Almeida et al., 1995). Gene-cell surface receptors of the integrin family (Brown and Ya-
targeting experiments demonstrate that integrins are re-mada, 1995, review). Integrins consist of transmembrane
quired for inner cell mass formation, implantation, andglycoproteins noncovalently associated to form ab hetero-
mesoderm positioning, as well as adhesion and migration ofdimers. Various a/b associations determine binding speci-
embryonic stem cells (FaÈssler et al., 1996, review). In avian®cities for cell surface molecules of the immunoglobulin
embryos, injection of antibodies directed against the integrinsuperfamily as well as for extracellular matrix components.
b1 subunit and antisense experiments have shown that b1-Through their cytoplasmic domains, integrins are responsi-
containing integrins are implicated in migration of neural-ble for the transmission of signals between the intracellular
crest cells, neurogenesis, and somitogenesis (Brown and Ya-and the extracellular environment (Dedhar and Hannigan,
mada, 1995, review). In amphibian embryos, speci®cally the1996, review).
anuran Xenopus and the urodele Pleurodeles, many integrin
subunits are expressed, including a2, a3, a4, a5, a6, av, b1,
b2, b3, and b6 (DeSimone, 1994, review). Unfertilized eggs1 The authors contributed equally to this article.
contain mRNA for a5, av, b1, b3, and b6 subunits. During2 To whom correspondence should be addressed. Telephone:
330144273690. Fax: 330144273497. E-mail: darriber@ccr.jussieu.fr. development, many integrins are differentially expressed,
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both temporally and spatially (Ransom et al., 1993; Whitta- to clarify the molecular mechanisms involved in interac-
tions between cells and the extracellular matrix.ker and DeSimone, 1993; Gawantka et al., 1994; Joos et al.,
1995; Alfandari et al., 1995). Recently, antisense inhibition Using a combination of in vivo and in vitro function
blocking experiments, we show that av integrins are re-of endogenous integrin a6 subunit has shown defects in neu-
ral tube and embryonic axis formation (Lallier et al., 1996). quired for mesoderm positioning during gastrulation. These
integrins are involved in cell spreading but are not essentialHowever, the speci®c and probable interdependent regula-
tion and function of integrins during development and in for cell attachment to the blastocoele roof ECM. In contrast
a5b1 integrins are essential for the initial attachment toparticular at gastrulation remain unclear.
In anuran and urodele amphibians, the roof of the blasto- the ECM. These two receptors also differ in their function
before gastrulation. a5b1 but not av containing integrinscoel contains presumptive ectodermal and mesodermal
cells. Mesodermal cells are distributed around the equator are involved in ®bronectin matrix assembly. Our results
show that a5b1 and av integrins are ECM receptors withof the embryo and form the marginal zone. Inner cells of
the blastocoel roof organize a ®brillar extracellular matrix distinct roles in gastrulation.
containing ®bronectin and laminin on their basal surface
(Nakatsuji and Johnson, 1983; Boucaut and DarribeÁre, 1983;
Lee et al., 1984; Nakatsuji et al., 1985; DarribeÁre et al., MATERIALS AND METHODS
1986). The organization of this ®bronectin matrix is both
temporally and spatially regulated during cleavage. In the Embryos and Cells
urodele Pleurodeles, functional studies have established
Embryos of the urodele amphibian Pleurodeles waltl were manu-that the assembly of ®bronectin into ®brils is dependent on
ally dejellied and maintained at 187C in 10% normal amphibianthe expression of b1 integrins at the surface of the inner
medium (NAM, Slack, 1984). At the early gastrula stage (stage 8a),ectodermal and mesodermal cells (DarribeÁre et al., 1990; dispersed cells of either the whole embryo, the marginal zone, or
1992). During gastrulation, complex morphogenetic move- the dorsal marginal zone were obtained as described by Alfandari
ments result in the formation of the three primary germ et al. (1996).
layers. The presumptive mesodermal cells involute around
the blastoporal lips, ®rst dorsally, then laterally and ven-
trally. Mesodermal cells which are now in contact with the Antibodies
extracellular matrix of the blastocoel roof start to move
Antibody directed against the extracellular domain of the Pleuro-away toward the future anterior part of the embryo. While
deles integrin av subunit (E2) was obtained by immunizing rabbits
the general aspects of mesodermal involution are similar with inclusion bodies containing the fusion protein Pfav84. This 84-
for all amphibians, the precise cellular mechanisms which kDa fusion protein corresponds to a portion of the extracellular do-
propel these cells into the embryonic interior can vary main including all four putative calcium binding sites fused to glutat-
greatly. In the anuran Xenopus laevis, the driving force is ione-S-transferase (Alfandari et al., 1995). Antibody was puri®ed from
crude antiserum with protein A±Sepharose. The E2 IgGs were con-provided by convergence and extension of the mesodermal
centrated prior to use in assays (Centricon 100, Amicon, Inc.).layer rather than active migration (for reviews see Keller
We have also used puri®ed IgGs directed against the avian a5b1and Winklbauer, 1992; Winklbauer, 1994). In the urodele
integrin (DarribeÁre et al., 1988, a generous gift of Dr. K. Yamada),Pleurodeles, cell migration is the major process which
the Pleurodeles b1 subunit (DarribeÁre et al., 1990), amphibian ®-drives gastrulation (Boucaut et al., 1996, review). For this
bronectin (Boucaut and DarribeÁre, 1983), and polyclonal antibodiesreason, Pleurodeles embryos provide a useful system to
against the cytoplasmic domain of b1 subunit (363 serum, a gener-
study the cellular and molecular mechanisms involved in ous gift of Dr. DeSimone), human av, b3, and b5 chains (Chemicon
cell migration during the early development of vertebrates. International, Inc).
During gastrulation, the extracellular matrix is im-
printed with positional information which contributes to
the directional movement of mesodermal cells and preser- Microinjections of Embryos
vation of the left±right asymmetry (Shi et al., 1989; Winkl-
Antibodies were injected into the blastocoel of various stagedbauer and Nagel, 1991; Yost, 1992). In Pleurodeles, it has
Pleurodeles embryos, obtained from three different spawnings, by
been also shown that ®brils of ®bronectin are crucial for replacing 100 nl of blastocoel ¯uid with the same volume of NAM
attachment, spreading, and mesodermal cell migration containing either 4 mg/ml of E2 IgGs or preimmune E2 IgGs. Addi-
(Boucaut et al., 1984). Immuno¯uorescence studies have tional controls included preincubation of E2 IgGs with Pfav84 in
indicated that both a5b1 and av integrins are concentrated an equimolar ratio prior to injection. All solutions were subjected
to low-speed centrifugation before injection (1000g for 10 min) toat mesodermal cells surface during their migration, sug-
sediment insoluble material.gesting speci®c, redundant, or interdependent adhesive
functions for these integrins (DarribeÁ re et al., 1988; Alfand-
ari et al., 1995). Function-blocking experiments have
Cell Attachment, Spreading, and Migration Assaysshown that a5b1 integrins are involved in mesodermal
cell migration (DarribeÁ re et al., 1988), while the role of Substrata for cell attachment, spreading, and migration assays
av integrins is unknown. Thus, an investigation of their were prepared on 96-microwell plates (Nunc). Each well was coated
with either human plasma ®bronectin (10 mg/ml, Sigma) orfunction during gastrulation is therefore necessary in order
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vitronectin (10 mg/ml) for 1±2 h. Substrata were also conditioned
with native extracellular matrix derived from embryos (ECM). Ex-
plants of the blastocoel roof from early-gastrula-stage embryos were
placed face-down and covered with a coverslip fragment. After 5
h, explants were removed with CMF medium, leaving the extracel-
lular matrix coated on the dish. Each substrate was then washed
with 10% NAM, and saturated with bovine serum albumin (BSA,
0.5%, 1 h). Attachment, spreading, and migration assays of dorsal
marginal zone cells were performed essentially as described by Al-
fandari et al. (1996). Dispersed dorsal mesodermal cells (0.4 to 0.5
1 103 cells) were seeded in a microwell plate. Ninety minutes after
seeding, the plate was inverted onto a second. Then, the unbound
and the bound cells of each well were scored by counting manually.
The percentage of adherent cells per well was expressed as: attach-
ment (% cell)  number of bound cells 1 100/number of seeded
cells. For each experiment nonspeci®c binding was determined by
seeding cells on BSA. Cell spreading was measured by direct obser- FIG. 1. Reactivity of antibodies and surface expression of the inte-
vation 90 min after seeding. We scored a cell as being spread when grin av subunit. Isolated cells of early-gastrula-stage embryos (stage
it assumed a bipolar, triangular, or polygonal shape as described in 8a) (lane 1), animal cap cells (lanes 2, 4) and mesodermal cells (lanes
DarribeÁre et al. (1988). 3, 5, 6) were surface labeled with biotin. Protein extracts of labeled
To obtain in vitro cultures of the dorsal marginal zone (DMZ) cells were immunoprecipitated. E2 IgGs revealed a major band cor-
which mimics mesodermal cell migration observed in vivo, DMZ responding to a polypeptide of 140 kDa in both whole embryo and
explants (approx 0.8 mm in width, 1 mm in length) were dissected mesodermal cell extracts (lanes 1, 3). Antibody directed against the
in 67% L15 medium (Gibco) from embryos (stage 8a) as described cytoplasmic domain of integrin av subunit (av) precipitated three
previously (Shi et al., 1989). The migration of cells was observed polypeptides of 200, 140, and 95 kDa (lane 5). A serum against the
after a 24-h period. The extent of migration was de®ned by measur- cytoplasmic domain of integrin b1 subunit (363) precipitated the
ing the length between the dorsal lip and the margin of the cohesive mature b1 subunit at 130 kDa and two others polypeptides of re-
sheet of cells. spectively 150 and 170 kDa.
Aggregation Assay
Cell aggregation assays were performed with mesodermal cells according to Gawantka et al. (1992) in RIPA buffer (0.1% SDS, 0.5%
on agar-coated dishes. Dispersed cells were incubated in 67% L15 sodium deoxycholate, 1% NP-40, 150 mM NaCl, 1 mM CaCl2, 50
medium with 250 mg/ml of E2 IgGs, 200 mg/ml of a5b1 IgGs, or mM Tris/HCl, pH 7.4, 2 mM pepstatin/leupeptin, 2 mM PMSF).
200 mg/ml of IgGs directed against Pleurodeles b1 subunit. The Immunoprecipitations were carried out using 5 mg of protein A±
dishes were gently rotated allowing the initiation of aggregation. Sepharose CL-4B (Pharmacia) bound to 5 mg of E2 IgGs, 2 ml of 363
Manual quanti®cation of cell aggregation was determined at 3, 6, serum, or 2 ml of anti-human av cytoplasmic domain antibodies,
and 18 h after the addition of IgGs by direct observation. as described by MuÈ ller et al. (1992). Immunoprecipitates were sepa-
rated by SDS±PAGE (7%) under nonreducing conditions and trans-
ferred to nitrocellulose (Amersham). The nitrocellulose was thenFibronectin Matrix Assembly Assay
saturated in TBS, 0.1% Tween 20, and 5% nonfat dry milk. Labeled
Fibronectin matrix assembly assays were performed essentially proteins were detected with horseradish peroxidase-conjugated
as described previously (DarribeÁre et al., 1990). E2 IgGs (0.25 to streptavidin (1/1000, Sigma), using chemiluminescence reagent
5 mg/ml) and a5b1 IgGs (25±200 mg/ml) were injected into the (ECL, Amersham).
blastocoel of early blastulae (stages 5±6). When embryos reach the
early-gastrula stage, the assembly of ®bronectin was analyzed by
indirect immuno¯uorescence on whole mount of the marginal RESULTS
zone explants using amphibian polyclonal antibodies to ®bronectin
(DarribeÁre et al., 1990).
Antibody Speci®city and Cell Surface Expression
of Integrins during Gastrulation
Histology
Using a partial cDNA encoding the Pleurodeles av inte-
Embryos were ®xed 1 h in formaldehyde (3.7%), dehydrated grin subunit, a GST fusion protein (Pfav84) was produced
through graded methanol solutions, and embedded in polyethylene in bacteria, puri®ed from inclusion bodies, and injected into
glycol 400-distearate (Koch-Light, England). Serial 10-mm sections
rabbits. The fusion protein includes part of the extracellularwere cut, and the embedding medium was dissolved in xylene.
domain and contains all four putative calcium binding sitesSections were stained using the Accustain kit (Sigma).
(Alfandari et al., 1995). The speci®city of the puri®ed IgGs
obtained (E2 IgGs) was tested in immunoprecipitation ex-
Cell Surface Labeling, Protein Extraction, and periments. SDS±PAGE analysis of immunoprecipitates,
Immunoprecipitations performed with lysates of biotinylated cells derived from
whole gastrulae, revealed a polypeptide of Mr 140 kDa underCell surface labeling was carried out by biotinylation as de-
scribed by Alfandari et al. (1995). Protein extraction was performed nonreducing conditions (Fig. 1, lane 1). Previous immuno-
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¯uorescence studies have shown that mesodermal cells of
the marginal zone express the integrin av subunit at their
surface, while ectodermal cells of the animal cap do not
(Alfandari et al., 1995). If the 140-kDa polypeptide corre-
sponds to the av subunit, it may be immunoprecipitated
from biotinylated protein extracts of mesodermal cells but
not of ectodermal cells. Therefore, we tested whether the
E2 IgGs precipitated the biotinylated 140-kDa polypeptide
in both cell types. We also compared results to immunopre-
cipitations performed with the antibody against the cyto-
plasmic domain of the human av subunit. Figure 1 (lanes
2±5) demonstrates that the 140-kDa polypeptide is detected
in protein extracts of marginal zone cells with either E2-
puri®ed IgGs or the antibody against the human av subunit.
FIG. 2. Effects of E2 IgGs on mesodermal cell attachment toDespite the presence, in both experiments, of the 140-kDa
vitronectin. Quantitative analysis of mesodermal cell attachmentpolypeptide, no additional band was detected with E2 IgGs,
to vitronectin (10 mg/ml) and ®bronectin (10 mg/ml). The E2 IgGswhile two proteins (200 and 95 kDa) were coprecipitated
(100 mg/ml) affected cell attachment to vitronectin but not attach-with the antibody against the human av subunit.
ment of dorsal±mesodermal cells to ®bronectin. Standard errors
To identify receptors of the av family present at the sur- of 3 experiments are shown. FN, ®bronectin; BSA, bovine serum
face of mesodermal cells during gastrulation, immunopre- albumin; VN, vitronectin.
cipitations were carried out with available antibodies to the
human b1, b3, or b5 subunits. No bands were detected.
Conversely, immunoprecipitation from surface-labeled me-
sodermal zone cells with an antibody directed against the ability of these integrins to insure this function at the sur-
cytoplasmic domain of the b1 show three major polypep- face of marginal zone cells.
tides of molecular mass 130, 150, and 170 kDa (Fig. 1, lane Either E2 IgGs or the anti-a5b1 antibody was injected into
6). In comparison with Fig. 1, lane 5, no band at 140 kDa the blastocoel of early blastulae. Fibronectin ®bril assembly
was observed, suggesting that b1 was probably not pairing was analyzed in early-gastrula-stage embryos, using an anti-
with av subunit at this stage. These results show that av ®bronectin antibody, by whole-mount immuno¯uorescence
integrins and at least two b1-containing were present at the of the marginal zone. Following injection of antibody to a5b1
surface of marginal zone cells during gastrulation. integrin, an inhibition of ®bronectin matrix assembly was
Since av integrins are receptors for vitronectin (Felding- observed. Fewer immuno¯uorescent-positive ®brils were de-
Habermann and Cheresh, 1993), we have tested whether tected on the mesodermal cell surface. Conversely, a net-
the E2 IgGs are able to perturb mesodermal cell interactions work of ®bronectin ®brils covered the cell surface even at
with vitronectin. Mesodermal cells of the dorsal marginal high concentrations of E2 IgGs (5 mg/ml) (Table 1). These
zone were plated on substrates conditioned with vitronec- results suggest that, in the marginal zone of the embryo,
tin. The attachment of cells was analyzed in presence or a5b1 receptors are necessary for ®bronectin matrix organiza-
absence of the antibody. We found that, in the absence of tion, and that av integrins are not required for this process.
the E2 IgGs, mesodermal cells attach but do not spread on
vitronectin. We also discovered that attachment is inhibited
(70%) in the presence of E2 IgGs (Fig. 2). This result suggests av and a5b1 Integrins Are Not Required for Cell
that E2 IgGs are function blocking antibodies directed Aggregation
against the Pleurodeles av subunit.
It has been proposed that b1 integrins could mediate cell±
cell adhesion and aggregation in various epithelial cell types
av Integrins Are Not Required for Fibronectin (Weitzman et al., 1993; Takeuchi et al., 1994). Before and
Matrix Assembly during gastrulation, immuno¯uorescent studies have shown
that a5b1 integrin is located at intercellular contacts of ecto-Since mesodermal cell migration during gastrulation can-
not occur in the absence of ®bronectin, we investigated the dermal cells, while both a5b1 and av integrins are present
at intercellular contacts of mesodermal cells (DarribeÁre et al.,role of integrins on the ®bronectin matrix assembly. During
cleavage and gastrulation, inner cells of the blastocoel roof 1988; Alfandari et al., 1995). These observations suggest a
potential function in cell±cell adhesion for these integrins.participate in ®bronectin matrix assembly in an RGD-de-
pendent manner involving b1 integrins (DarribeÁre et al., Therefore, one way to test if these integrins contribute to the
intercellular adhesion is to use an aggregation assay.1990, 1992). Inner marginal zone cells express both a5b1
and av integrins (DarribeÁre et al., 1988; Alfandari et al., Isolated presumptive ectodermal or mesodermal cells were
incubated in the presence or absence of anti-integrin antibod-1995). Since both the a5b1 integrin and a member of the
av integrin family (avb3) are known to promote ®bronectin ies. Quanti®cation of aggregation was estimated during a 18-
h period. The results are identical for both type of cells.matrix assembly (Wu et al., 1996), we compared the relative
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TABLE 1 Embryos injected during blastula stages possess normal-ap-
Inhibition of Fibronectin Fibrils Formation pearing dorsal lips that progressed laterally and ventrally to
form a circular blastopore, but which failed to close. When
Stage of development: embryos were injected at early gastrulae stages, dissections
Early gastrula through the embryos at mid-gastrula stage equivalent (stage
Reactives (stage 8a)
10) revealed that they exhibited an enlarged blastocoel, and
a thin layer of ectodermal cells (Fig. 3A, left). No mesoder-10% NAM ////
E2 IgGs mal cells were detected upon the inner face of the ectoder-
250 mg/ml //// mal layer in comparison with control embryos injected with
500 mg/ml //// E2 IgGs preincubated with the fusion protein used as immu-
5 mg/ml //// nogen, where a layer of mesoderm migrated on the blasto-
Anti-a5b1 coel roof (Fig. 3A, right). Two hours after the injection, man-
25 mg/ml / ual dissections of the embryos revealed that deep mesoder-
200 mg/ml 0
mal cells in the dorsal region remained spherical, yet were
attached to the blastocoel roof. Few of them migrated rela-Note. Various concentration of E2 IgGs and anti-a5b1 antibodies
were injected into the blastocoel of early blastula embryos (stages tive to controls. These observations suggest that mesoder-
5±6). They were reared at 187C in 10% NAM until they reached mal cells involuted and interacted with the underlying ex-
the early-gastrula stage. The marginal zone was dissected and ®xed tracellular matrix but failed to migrate.
and immunodetection of ®bronectin was performed. For each point, The long-term effects of antibody injections at various
marginal zones from 5 embryos were observed. (0) no ®bronectin stages of gastrulation were analyzed up to tailbud stage
®bril, dots of ¯uorescence are observed on cell surfaces; (/) sparse equivalent. Experiments revealed that neurulation did not
®bronectin ®brils at periphery of cells and dots of ¯uorescence at
occur properly depending of the stage of injection. Embryosthe cell surface level; (////) extensive anastomosed ®bronectin
injected at advanced early-gastrula stage (stage 9) showed a®brils.
reduced anterior neural plate around which neural folds
were missing. When injected at mid- to late-gastrula stages,
embryos displayed a slightly smaller neural plate than con-
trol embryos injected with E2 IgGs preincubated with theAggregates of 5 to 10 cells are observed within 6 h in the
presence of E2 IgGs, antibodies against avian a5b1 integrin, fusion protein used as immunogen. The fusion of the neural
folds in these embryos was delayed relative to controls (Fig.and antibodies against Pleurodeles b1 subunit. These aggre-
gates were similar in size to those obtained in controls per- 3B). The most pronounced developmental defects were ob-
served when embryos reached the tailbud stage (stage 30).formed in the absence of antibody. Then, cell cords form in
18 h (Table 2) and ®nally a cohesive sheet of cells is obtained These embryos exhibited graduated anteroposterior defects
resulting in truncated embryos that could be classi®ed fromwithin 24 h (data not shown). These observations indicate
that these antibodies are not effective inhibitors for cell ag- type 1 to 4 (Figs. 3C±3F, Table 3). When embryos were
injected at advanced early-gastrula stage (stage 9), the typegregation suggesting that neither av nor b1 integrins are re-
quired for cell aggregation in vitro. This suggest that if inte- 1 phenotype was obtained. It corresponded to embryos that
had an anlage of head, no tail, no ®n-fold, few melano-grins are indeed involved in cell±cell interactions, then other
cell adhesion molecules are suf®cient to maintain ectoder- phores, and failed closure of the blastopore (Fig. 3C). The
type 4 phenotype was obtained following injections per-mal and mesodermal tissue integrity.
The Antibody to Integrin av Subunit Perturbs
TABLE 2Gastrulation and the Anteroposterior Axis
Aggregation Assays of Blastocoel Roof CellsFormation
Amphibian mesodermal cells migrate on the extracellular Observations
matrix containing ®bronectin during gastrulation (Boucaut
Presumptive Presumptiveet al., 1984). The a5b1 integrin is involved in migrating
ectodermal cells mesodermal cellsevents during gastrulation (DarribeÁre et al., 1988; 1990). We
have previously shown that integrin av subunit is mainly Reactives 3h 6h 18h 3h 6h 18h
expressed at the surface of migrating cells during gastrula-
67% L15 0 / // 0 / //tion but its function remains to be established (Alfandari
E2 IgGs ND 0 / //et al., 1995). Since members of the av integrin family are
Anti-a5b1 0 / // 0 / //receptors for extracellular matrix molecules including ®-
Anti-b1 0 / // 0 / //bronectin, we have analyzed the function of av integrins
CMF 0 0 0 0 0 0during mesodermal cell migration using the E2 antibody.
Injection of 400 ng of E2 IgGs at the late-blastula (stage Note. Assays were performed in duplicate. CMF, Ca2/, Mg2/-free
7) or early-gastrula stages (stages 8a and 8b) resulted in the medium; (0) no aggregates were observed; (/) aggregates of 5±10
cells; (//) cell cords. Antibodies were added in 67% L15 medium.complete inhibition of gastrulation in 95% of the embryos.
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FIG. 3. The antibody to av subunit perturbs gastrulation and the anteroposterior axis formation. (A) Embryos injected at early gastrula
stage (400 ng of E2 IgGs, stage 8a) and dissected along the saggital plan when controls reach the midgastrula stage (stage 10). (Left) Injection
of E2 IgGs prevented the positioning of the mesoderm layer. A cavity corresponding to the blastocoel (bl) is observed. (Right) Control
embryo injected with E2 IgGs mixed with the puri®ed fusion protein used as immunogen. A cohesive layer of mesodermal cells (me) is
in contact with the blastocoel roof. The archenteron (ar) has formed. Arrowheads indicate the dorsal lip of the blastopore. en, endoderm;
Bar, 0.18 mm. (B) Embryos injected at midgastrula stages. A delay in neurulation is observed relative to controls (T). Reduced neural plate
and neural folds are detected. Bar, 0.4 mm. (C±F) E2 IgGs (400 ng) were injected in the blastocoel at different stages of gastrulation. The
embryos were observed when the controls reach the tail-bud stage (stage 30). (C) The observation of injected embryos at advanced early
gastrula stage (stage 9) shows a reduced head (arrowhead) and an absence of tail and ®n (type 1). Few melanophores are observed in the
dorsal part of the embryo. (D) When embryos were injected at midgastrula stage (stage 10), the anteroposterior axis is incomplete (type
2). Reduced head and tail structures are observed. Some melanophores are present in the head region and along the axis body. The ®n is
reduced. (E) When embryos were injected at the large yolk plug gastrula stage (stage 11), the anteroposterior axis is nearly completed with
well-formed head and a reduced tail (type 3). Melanophores are present in the head region and along the axis body. The eye anlage and
balancers are formed (arrowhead). A small ®n with few mesenchyme cells is observed. (F) Control embryo injected at the early gastrula
stage (stage 8a) with E2 IgGs preincubated with the fusion protein antigen. Bars, 0.27 mm.
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TABLE 3
Effects of Antibody against the Extracellular Domain of Integrin av Subunit
Stages of Partial necrosis Type 1 Type 2 Type 3 Type 4
injection (%) (%) (%) (%) (%)
Stage 9 (n  29) 10.3 89.6 Ð Ð Ð
Stage 10 (n  30) 3.3 13.3 83.3 Ð Ð
Stage 11 (n  40) 7.5 5 12.5 75 Ð
Stage 12 (n  40) 0 Ð 2.5 15 82.5
Note. Antibody directed against the integrin av subunit was injected into embryos at different stages of gastrulation. After injections,
embryos were incubated at 187C until control embryos reach the tail-bud stage (stage 30). The different phenotypes obtained are classi®ed
as follows: Type 1, microcephalic embryos with no tail and few melanophores; type 2, embryos with a reduced head, a truncated tail, no
apparent anlage of eyes and malformations of the ventral epithelium; type 3, the anteroposterior axis is nearly completed with well-
formed head and a reduced tail. Melanophores are present in the head region and along the axis body; type 4, embryos possess a complete
anteroposterior axis. The tail is reduced.
n, number of injected embryos. It corresponds to experiments performed on three different spawnings. Partial necrosis was observed in
some embryos before reaching the tail-bud stage.
formed at late-gastrula stage (stage 12). Embryos possessed of adhesion assays with either isolated mesodermal cells
or DMZ explants from embryos dissected at the onset ofa complete anterior axis with a well-de®ned pigmentation
pattern. The tail was smaller than normal and malforma- gastrulation and cultured in the presence of function-
blocking integrin antibodies.tions of the ventral epithelium were observed in these em-
bryos (not shown). Between these two extremes, intermedi- DMZ explants were plated on substrates conditioned
ate phenotypes were obtained (Figs. 3D and 3E). Histological with either ®bronectin or transferred extracellular matrix
analyses of embryos showed a graduated de®cit in cephalic, from the blastocoel roof (ECM). Spreading of the DMZ ex-
axial, lateral, and ventral mesoderm. Transverse sections in plants were observed after 24 h of culture in presence or
the area of optic vesicles of a type 2 embryo, which was absence of antibodies. On both ®bronectin and ECM, ex-
injected at mid-gastrula stage, showed few cells between plants adhered rapidly, became ¯attened, and expanded as
the mesencephalon and the eye vesicles. In the region of otic cohesive sheets of cells. After 24 h of culture, cells emerged
vesicles (Fig. 4A), the notochord was reduced as compare to at the periphery of the cell sheet, and migrated (Fig. 5A). In
the control (Fig. 4B). Ventrally, there was an undifferenti- the presence of E2 IgGs, a dose-dependent inhibition of
ated mass of cells and disorganized heart anlage, suggesting DMZ spreading and expansion was observed on both sub-
a disturbance of ventral mesoderm positioning (Figs. 4A and strates. Figure 5B shows a DMZ explant incubated with 150
4B). In the dorsal trunk region, sections revealed a small ®n mg/ml of E2 IgGs. The outgrowth of the explant was reduced
(Figs. 4C and 4D). They also showed a thin notochord, and and fewer cells emerged. Their migration was arrested. With
a considerable reduction of the size of each somite. Laterally 250 mg/ml of E2 IgGs, the number of dispersed cells ahead
and ventrally, somatic and splanchnic layers of lateral plates of the mesoderm-cell sheet decreased dramatically (Fig. 5C).
were lacking, suggesting that the progression of the lateral Phase contrast observations showed that cells at the periph-
plate mesoderm had been affected. ery extended small ®lopodia around their cell bodies. No
Together, these observations show that the antibody di- lamellipodia were detected (not shown), suggesting that
rected against the extracellular domain of the integrin av cells attached but did not spread. Finally, when explants
subunit disturbs mesodermal cell positioning at gastrulation. were incubated with a mixture of E2 IgGs (250 mg/ml) and
IgGs against the a5b1 integrin (150 mg/ml), DMZ cell at-
tachment was abolished. These explanted mesodermal
av Integrins Are Required for Mesodermal Cell sheets did not attach nor expand, and DMZ increased in
Spreading and Migration thickness to form a multilayer of cells similar to anti-a5b1
antibody alone (not shown).We have demonstrated above that the antibody against
Expansion of the cell sheet was scored by measuring theav does not prevent ®bronectin matrix organization and
length from the dorsal lip of the blastopore to the leadingcell±cell interactions. Considering the consequences from
edge of the DMZ (Fig. 5D). These results demonstrate thatperturbing av integrin function during early development,
E2 IgGs cause a signi®cant inhibition of expansion of theone potential role for these integrins is with the adhesive
explants compared to controls performed with E2 IgGs prein-processes between cells and the extracellular matrix needed
cubated with the fusion protein used as immunogen (Pfav84).for mesodermal cell positioning. To test whether the av
Conversely, the outgrowth of mesodermal cells was totallyintegrins are involved in embryonic cell attachment and/or
inhibited when a mixture of E2 IgGs and antibody againstspreading of mesodermal cells, cells were treated with anti-
integrin antibodies in vitro. These experiments consisted the a5b1 integrin was used. Rates of DMZ expansion were
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FIG. 4. Histological analysis of type 2 embryos. Transverse sections from E2 IgGs injected embryos at stage 10 and ®xed at stage 30. (A
and B) Sections in the area of otic vesicles (ov). (A) The notochord (c) is reduced. Under the pharynx (ph), an undifferentiated mass of cells
is observed. (B) Control embryo injected with the antibody preincubated with the antigen. The notochord and the heart anlage (h) are
observed. (C and D) Sections in the trunk according to the same dorsoventral plan. (C) Control embryo. The notochord (c) and somites
(s) are well developed. (D) Type 2 embryo. The sizes of both notochord and somites are reduced. The lateral plate mesoderm is absent
(arrow). e, endoderm; rh, rhombencephalon; bar, 225 mm.
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FIG. 5. Effects of antibody against integrin av subunit on DMZ explant behavior DMZ explants of embryos were excised at the early
gastrula stage and placed inner face down on ®bronectin. Antibodies were then added, and their effects were evaluated for the subsequent
24 h. (A) In the presence of E2 IgGs preincubated with the fusion protein used as immunogen (Pfav84) and within 24 h, mesodermal cells
spread, and an outgrowth of cells expanded. Around 35 cells emerged, spread, and migrated away from the DMZ explant (small arrows). (B
and C) In the presence of E2 IgGs, there is a reduced expansion of the explant which is dose dependent. (B) With 150 mg/ml of IgGs, ®ve
isolated cells ahead of the outgrowth are observed (small arrows). (C) With 250 mg/ml of IgGs, the outgrowth of the explant is dramatically
reduced and no isolated cells are observed. Large arrows show the dorsal lip of the blastopore. Bar, 0.25 mm. (D) Quantitative analysis of
the expansion of DMZ explants. The outgrowth of mesodermal cells was estimated by scoring the expansion of cells from the dorsal lip to
the outer edge of the sheet. In the presence of E2 IgGs, the outgrowth is signi®cantly reduced when the explant was seeded on either
®bronectin or the extracellular matrix of the blastocoel roof. Bars indicate the standard error; n represents the number of DMZ explants.
FN, ®bronectin; BSA, bovine serum albumin; ECM, transferred extracellular matrix of the blastocoel roof; FP, fusion protein Pfav84.
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IgGs inhibited migration of isolated cells and expansion of a
mesoderm sheet on both ECM and ®bronectin.
To corroborate this ®nding, the effects of antibodies on
the behavior of isolated mesodermal cells were tested. Meso-
dermal cells were obtained by dissociation of DMZ explants
and were seeded on either ®bronectin or ECM. Phase-con-
trast analysis of cellular morphology revealed that on both
®bronectin and ECM, mesodermal cells extended broad la-
mellipodia and ®lopodia, and exhibited a bipolar or polygonal
shape. In the presence of E2 IgGs (200 mg/ml) cells did not
gain the bipolar or polygonal shape. They stayed spherical
with ®lopodia suggesting that spreading but not attachment
to ®bronectin and ECM was signi®cantly reduced.
FIG. 6. Dorsal mesodermal cell behavior on ®bronectin in the pres- To quantify the attachment, isolated cell cultures were
ence of the anti-av antibody. Quantitative analysis of mesodermal cell
inverted on a second microwell plate after a 90-min incuba-attachment and spreading to ®bronectin (10 mg/ml) and to transferred
tion period. Cells that did not adhere tightly to the sub-extracellular matrix of the blastocoel roof. The E2 IgGs affected spread-
strates were allowed to fall into a second microwell plateing but not attachment of dorsal±mesodermal cells on ®bronectin as
and were later counted. The percentage of attached andwell as on ECM, whereas antibody against the a5b1 integrin affected
spread cells were determined and collated in Fig. 6. In thecell attachment. Quantitative analysis of mesodermal cell attachment.
Standard errors of 3 experiments are shown. BSA, bovine serum albu- presence of E2 IgGs, spreading of cells was affected as men-
min; ECM, extracellular matrix of the blastocoel roof; FN, ®bronectin. tioned earlier, whereas attachment was not. In fact, 70 to
80% of the cells remained bound to either ®bronectin or
ECM during the inversion of the plate in the presence of
determined and compared. They showed that in presence of E2 IgGs. In contrast, cell attachment to the same substrates
preimmune IgGs, the DMZ extension rate was of 62 { 3 was inhibited when the anti-a5b1 antibody or a mixture of
mm/h, whereas they expanded at only 13 { 3 mm/h when E2 E2 IgGs and a5b1 antibody were employed. As we have
shown earlier (Fig. 2), E2 IgGs inhibit mesodermal cell at-IgGs were in the medium. These results indicate that E2
FIG. 7. A model for integrin function during cleavage and gastrulation. Inner ectodermal and mesodermal cells of the blastocoel roof organize
a ®brillar extracellular matrix (ECM) containing ®bronectin and laminin. During cleavage, inner ectodermal (yellow cells) and mesodermal
cells (brown cells) express the a5b1 integrin which is involved in the formation of the complex network of ®bronectin ®brils (1). In the marginal
zone of the embryo, inner mesodermal cells express the integrin av subunit. Gastrulation begins with the formation of the blastopore groove
(not shown). At this site, mesodermal cells attach to the ®bronectin ®brils (2±3), and ®nally spread and migrate (4) upon the extracellular
matrix along the blastocoel roof. The attachment of cephalic, axial, paraxial, and ventral mesodermal cells requires integrin a5b1, whereas
spreading involves integrins of the av family. AC, animal cap; DMZ, dorsal marginal zone; VMZ, ventral marginal zone.
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tachment to vitronectin. The results show that E2 IgGs the possibility that some ectodermal cells expressed low
level of av subunit at their surface.affect mesodermal cell spreading but not attachment to ®-
bronectin and blastocoel roof ECM, whereas they prevent The 140-kDa polypeptide was also precipitated using a
commercially available antibody to the cytoplasmic domainattachment to vitronectin.
Together these results indicate that E2 IgGs perturb the of the human av subunit. The absence of associated b sub-
unit, in immunoprecipitations performed with E2 IgGs, isadhesive processes between cells, ®bronectin, and the extra-
cellular matrix. They support the in vivo experiments and nonetheless puzzling as additional bands are visible using
the commercial antibody. One way to explain this fact issuggest that av integrins are ®bronectin receptors required
for spreading and migration rather than for cell attachment. to consider that the antibody binds to an epitope that desta-
bilize the a/b complex. This is consistent with previous
results indicating that antibodies could disrupt the associa-
tion between integrin a and b subunits (Buck et al., 1986).DISCUSSION
Finally, the E2 IgGs perturb attachment to vitronectin.
Since av integrins commonly bind to vitronectin (Pytela et
In this study, the functional signi®cance of the presence al., 1985), this con®rmed the function perturbing ability of
of av and a5b1 integrins at the surface of amphibian meso- the E2 IgGs. Together these results suggest that E2 IgGs
dermal cells has been examined. The major conclusions are: recognize essentially the native form of the av subunit (140
(1) an antibody directed against the integrin av subunit does kDa) and are function-blocking antibodies directed against
not disturb mesodermal cell aggregation and ®bronectin the Pleurodeles av subunit, possibly by separating av from
matrix assembly, while an antibody to the a5b1 integrin its b subunit partner.
prevents ®bronectin matrix organization; (2) when injected
into the blastocoel, the function-blocking av integrin anti-
av and Two b1 Integrins Are Present atbody perturbs mesodermal cell positioning during gastrula-
Gastrulationtion; (3) the av-function-blocking antibody affects cephalic,
axial, and paraxial mesodermal cell spreading, whereas an Based on works in other systems, it is known that integrin
antibody directed against a5b1 integrin inhibits attachment
av subunit can pair with b1, b3, b5, b6, or b8 to form
to both ®bronectin and the extracellular matrix of the blas- receptors for ECM components (Sonnenberg, 1993). We ®rst
tocoel roof. These results provide arguments that both av tried to determine which b subunit(s) might be associated
and a5b1 integrins have distinct functions during Pleuro- with av at gastrulation. Second, we investigated what other
deles gastrulation. integrin receptors to the ECM were present at this stage.
The 26 consecutive amino acids of the av subunit are
conserved between human and Pleurodeles sequences (Al-The E2 Antibody Recognizes the Native Form of
fandari et al., 1995). For this reason, we have used an anti-the Integrin av Subunit
body directed against the cytoplasmic domain of the human
av subunit in immunoprecipitation experiments. This anti-Previously, we have used a bacterially expressed fusion
protein to produce an antibody directed against the extracel- body precipitates the 140-kDa polypeptide together with
two other proteins. The 200-kDa protein may correspondlular domain of the integrin av subunit. This fusion protein
encodes about 50% of the extracellular domain including to a b subunit such as b4, but no data yet report its associa-
tion with the av chain (Sonnenberg, 1993). It may also corre-the four potential calcium binding sites. The protein
(Pfav84) is stored, by the bacteria, in inclusion bodies. Anti- spond to ®bronectin or an unknown protein bound to the
av integrins. Based on electrophoretic mobility, the 95-kDabodies to the gel-puri®ed and denatured av protein have
been obtained (Alfandari et al., 1995). In order to analyze protein might correspond to integrin b3 and/or b5 subunits
(Sonnenberg, 1993). No band was detected using antibodiesav integrin functions in vitro and in vivo, an antibody to a
more native form of the protein has been produced. Puri®ed against human b3 and b5 subunits, preventing us from de-
termining whether these b chains pair with the av subunit.inclusion bodies which contain almost exclusively Pfav84
were injected into rabbits and IgGs were puri®ed. The speci- Furthermore, using an antibody directed against the human
avb3 integrin (antibody LM609, Brooks et al., 1994a), we®city of these IgGs was tested by both immunoprecipita-
tions and attachment assays. were unable to precipitate this heterodimer from marginal
zone cells (data not shown). Therefore, no information isIgGs puri®ed from one of the injected rabbits (E2) immu-
noprecipitate a 140-kDa polypeptide from marginal zone presently available concerning the expression of this inte-
grin in urodele amphibians. Since in Xenopus, messengercells. This corroborates previous immuno¯uorescent data
(Alfandari et al., 1995). Immunoreactivity with a Mr 140- RNAs encoding b3 subunit are present throughout cleavage
and gastrulation but at relatively low level (Ransom et al.,kDa protein is also barely detectable in extracts of animal
cap cells. This unexpected result could be due to the break- 1993), we suggest that among av integrins, avb3 integrin
could be present in Pleurodeles mesodermal cells. Alterna-ing of some cells during the biotinylation procedure. There-
fore, the faint band would correspond to the cytoplasmic tively, the b6 (90 kDa, Busk et al., 1992) and b8 (100 kDa,
Moyle et al., 1991) subunits are also reported to be associ-pool of av subunit which is present in all cells at gastrula
stages (Alfandari et al., 1995). Finally, we cannot rule out ated with av proteins. Because antibodies to neither of these
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subunits are available in amphibians, it is not yet possible 1996). Thus, we propose that, in our in vivo function-per-
turbing model, the binding of the a5b1 integrin by an anti-to rule out the possibility that avb6 or avb8 heterodimers
might be present. body might mimic the integrin interaction with ®bronectin.
Consequently, the compensation mechanism may not acti-Immunoprecipitations, using the antibody directed
against the cytoplasmic domain of the integrin b1 subunit vate av integrins to replace the a5b1 integrin function.
These hypotheses await further investigations.(363), reveal three major polypeptides from both ectodermal
(not shown) and mesodermal cells. The 150- and 130-kDa
proteins represent the a5 and b1 subunits, respectively
Blastocoel Roof Cells Aggregate in an a5b1 and av(DarribeÁre et al., 1988, 1990). The 170-kDa protein possibly Integrin-Independent Mannercorresponds to a1 and/or a2 subunits. No proteins were
identi®ed that comigrated with the av subunit (140 kDa) Before gastrulation, immuno¯uorescent studies have
shown that a5b1 integrin is located at intercellular contactsat this stage. This result correlates with the absence of poly-
peptide corresponding to b1 in immunoprecipitates ob- of ectodermal cells in Xenopus and Pleurodeles (DarribeÁre
et al., 1988; Gawantka et al., 1992). Both a5b1 and av inte-tained with antibodies directed against the cytoplasmic do-
main of the integrin av subunit. These results suggest that grins are present at intercellular contacts of mesodermal
cells in Pleurodeles. At the end of gastrulation, when cellsav is not associated with the integrin b1 subunit on meso-
dermal cell surfaces and suggest that at least two b1 inte- have reached their ®nal destination, av integrins are de-
tected at level of cell±cell junctions (Alfandari et al., 1995).grins (a2b1 and a5b1) are present on the surface of both
ectodermal and mesodermal cells during gastrulation. In other epithelial cell systems, it has been proposed that
b1 integrins might mediate cell±cell adhesion (Weitzman
et al., 1993; Takeuchi et al., 1994). Therefore, all these ob-
Fibronectin Matrix Organization Is Dependent servations suggest a potential function in cell±cell interac-
upon a5b1 Integrins but Not av Integrins tions for these integrins. We have tested this possibility
in Pleurodeles gastrula using an aggregation assay. ResultsFibronectin matrix assembly is a complex and precisely
regulated process initiated by cell surface receptors of the show that antibodies against a5b1 and av integrins do not
affect ectodermal as well as mesodermal cell aggregation.integrin family. The a5b1 integrin was the ®rst integrin
identi®ed to be involved in ®bronectin ®bril formation. They suggest that a5b1 and av integrins are not essential
for intercellular adhesion in early Pleurodeles development.Nevertheless, a5 integrin-de®cient mice assemble a ®bro-
nectin matrix in vivo, and cells from a5 integrin null mice Nevertheless, we cannot exclude that other integrins are
implicated in this process or that a5b1 and av integrinsare able to assemble a ®bronectin matrix in vitro (Yang et
al., 1993). Furthermore, a3b1, aIIbb3, and avb3 integrins exert subtle intercellular functions.
promote ®bronectin matrix assembly in vitro (Wu et al.,
1995; 1996). These data indicate that integrins other than
av Integrins Are Essential for Mesodermal Cell
a5b1, in particular av integrins, may also be involved in this
Positioning during Gastrulationprocess. Our results demonstrate that antibodies against the
a5b1 complex prevent ®bronectin assembly into ®brils thus When injected at various stages during gastrulation, anti-
av antibody produces phenotypes showing graduated short-con®rming earlier reports of the function of this integrin.
Conversely, antibodies directed against integrin av subunit ened anterior±posterior. These qualitative and quantitative
de®ciencies of mesoderm correlate with the state of meso-do not perturb ®bronectin matrix assembly. We conclude
that, in early development, the a5b1 receptor, but not the dermal cell migration at the moment of injections. There-
fore, anti-av antibody provokes temporal dependent effectsav integrins, is required for ®bronectin matrix assembly
at the surface of marginal zone cells. This interpretation which can be interpreted in terms of a de®cit in mesodermal
cell migration and positioning during gastrulation. The pre-contrasts with the in vitro ability of av integrins to promote
®bronectin matrix assembly (Wu et al., 1996). At least three vention of mesodermal cell migration explains the absence
of mesodermal structures observed in ventral and posteriorhypothesis can explain this apparent inconsistency. One
possibility is that matrix assembly, in other systems, could regions. In control experiments, both preimmun serum and
puri®ed anti-av IgGs preincubated with the antigen haverequire av to pair with a b subunit which is not present in
Pleurodeles gastrula. Another possibility is that the af®nity no obvious effects, providing evidence for the speci®city of
the phenotypes reported.of av is too low to support assembly of ®bronectin ®brils,
while it is suf®cient to allow cell spreading on extracellular The histological analyses of type 2 phenotype show re-
duced quantity of head mesenchyme, apparent shortage ofmatrix (see below). The fact that the avb1 integrin which
had lower af®nity for ®bronectin than a5b1 integrin does notochord, somites, and lateral plate, suggesting fewer meso-
dermal cells in these structures. It is known that integrin-not support ®bronectin matrix assembly supports this hy-
pothesis (Zhang et al., 1993). Finally, a third possibility im- mediated adhesion regulates numerous cell functions includ-
ing proliferation, differentiation, and cell survival (Adamsplies functional overlap and/or compensation mechanisms
(Hynes, 1996). In the absence of b1 integrins, a compensa- and Watt, 1993; Frisch and Ruoslahti, 1997). It is possible
that these functions are affected in our experiments. For ex-tion mechanism activates av integrins to replace the de®-
cient integrins (Wennerberg et al., 1996; Yang and Hynes, ample, the apparent reduction in size of mesodermal struc-
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tures may result from a failure of mesodermal cells to mi- phalic mesodermal cells. They also show that the antibody
directed against the a5b1 integrin inhibits attachment ofgrate affecting the normal positioning of mesodermal cells
during gastrulation. Consistent with this possibility, micro- dorsal mesodermal cells. This con®rms the observations
obtained with isolated cells showing that the anti-av anti-injections of the anti-avb3 monoclonal antibody (LM609)
disrupt the normal pattern of vascular development in living body affects spreading, whereas the anti-a5b1 antibody af-
fects attachment to the ®bronectin and the extracellularquail embryos (Drake et al., 1995). Alternatively, the appar-
ent reduction in size of mesodermal structures may result matrix. We conclude that a5b1 and av integrins have spe-
ci®c functions at gastrulation.from a failure of mesodermal cells to proliferate, premature
cell death, or a failure to properly differentiate. It has been Consistent with this notion, several in vivo studies have
shown that the avb3 integrin is involved in cell attachmentestablished that antibodies to avb3 integrin induce apoptosis
in melanoma cells (Montgomery et al., 1994) and block vas- and migration during blood vessel formation, tumor angio-
genesis, and ocular neovascularization (Brooks et al.,cular cell survival, proliferation, and invasion during the pro-
cess of blood vessel formation (Brooks et al., 1994b; StroÈm- 1994a,b; Varner and Cheresh, 1996; Friedlander et al., 1996).
Also, the avb3 integrin is important for maintenance ofblad et al., 1996; StroÈmblad and Cheresh, 1996). Therefore,
the shortage of mesodermal structures could be a result of cell adhesion but not required for initial cell attachment of
endothelial cells from human umbilical vein, (Chen et al.,local anoikis of mesodermal cells because E2 IgGs prevent
cell spreading and consequently cell proliferation and sur- 1987). Members of the av integrin family, including avb1,
avb3, and avb5 have speci®c roles in controlling adhesivevival (Frisch and Ruoslahti, 1997). Our present data do not
allow us to distinguish between these possibilities. Future behaviors of quail neural crest cells on vitronectin in vitro
(Delannet et al., 1994). Consistent also with this indepen-work with lineage markers should provide further insights
to determine if either notochord or somite cells proliferate dent function of integrins are results obtained from null
mutations of integrin a subunits in mouse which show thatand condense properly.
The phenotypes observed following E2 IgG injection dif- each one produces a different phenotype (Hynes, 1996).
Most importantly, phenotype analyses of double mutantsfer from those obtained following injection of RGDS pep-
tides into Xenopus blastula (Winklbauer and Keller, 1996). for a3/a4, a3/a5, and a4/a5 suggest nonoverlapping func-
tions for integrins (Hynes, 1996). We propose that the a5b1Nevertheless, they are similar (specially the type 2) to those
obtained by injections of monoclonal antibodies directed integrin promotes attachment and matrix formation, while
av integrins are involved in spreading of presumptive meso-against ®bronectin in Xenopus gastrulae (Ramos et al.,
1996). They are also comparable to defects in mesoderm dermal cells.
derivatives observed in a5-null mice (FaÈssler et al., 1996).
Together, these results show that, even if gastrulation
Potential ECM Ligands for Gastrulationmovements differ in these species, cell interactions with
the extracellular matrix involving ®bronectin via, a5 and/ The perturbation of av integrin-mediated cell attachment
and spreading in vitro was similar when performed on ®-or av integrins are crucial for the proper positioning of
mesoderm and consequently for further development. bronectin or transferred matrix of the blastocoel roof. This
matrix represents native ECM with intact ®bronectin ®brilsDissections and histological analyses of injected embryos
strengthen this conclusion. They indicate that antibody as well as any other protein that is present in vivo. Earlier
results have shown that blocking ®bronectin is suf®cientagainst the integrin av subunit prevents the progression of
axial, paraxial, and ventral mesodermal cells without affect- to completely inhibits gastrulation by keeping the mesoder-
mal cells from migrating (Boucaut et al., 1984). Taken to-ing their attachment to the extracellular matrix. This is in
marked contrast with the results of experiments using anti- gether these results suggest that if ®bronectin is not the
only matrix protein presents at this stage it is neverthelessbodies against ®bronectin, a5b1 integrin, or b1 integrin sub-
unit in which mesodermal cell attachment to ®bronectin or capable of mimicking all of the adhesive properties of the
blastocoel roof ECM. At this point, we cannot rule out theECM is completely blocked (Boucaut et al., 1984; DarribeÁre
et al., 1988; Howard et al., 1992; Johnson et al., 1993). possibility that another protein is in fact the in vivo ligand
of av as this integrin is known to bind to most ECM pro-Together, this suggests that integrins with similar ligand
speci®cities may be quite different in their ability to support teins. At present, the only proteins that have been identi®ed
in the ECM of amphibian gastrulae are ®bronectin and lami-cell attachment, spreading, and migration. Therefore, to de-
termine the precise function of av integrins in vivo, a sys- nin. ECM components such as collagens and tenascin are
detected at the beginning and the end of neurulation, respec-tem which mimics the migrating movements of the dorsal
mesoderm was used (Shi et al., 1989). Because the DMZ tively (Su et al., 1991; Riou et al., 1988). Using anti-
vitronectin antibodies, we were unable to detect vitronectincontains presumptive cells of the cephalic, axial, and para-
xial mesoderm (Delarue et al., 1996), the dispersed cells in the ECM of Pleurodeles gastrulae. Therefore, our results
show that av integrins mediate cell spreading and migrationobserved in culture represent cephalic mesoderm, while the
cohesive sheet corresponds to axial and paraxial mesoderm. on the ECM of the blastocoel roof possibly via ®bronectin.
This conclusion is consistent with the observation that an-The results with DMZ explants show that the antibody
against the av subunit reduces the expansion of axial and tibodies against a5 and av subunits were both required to
abrogate binding of human melanoma cells to ®bronectinparaxial mesodermal layer, and prevents migration of ce-
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(1994). Integrin alpha v beta 3 differentially regulates adhesive
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to intercellular contacts thus keeping mesodermal cells and Shi, D. L. (1996). What mechanisms drive cell migration and
from migrating any further. This model points to a key, but cell interactions in Pleurodeles. Int. J. Dev. Biol. 40, 675±683.
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